1] The solar wind continuously flows out from the Sun and directly interacts with the surfaces of dust and airless planetary bodies throughout the solar system. A significant fraction of solar wind ions reflect from an object's surface as energetic neutral atoms (ENAs). ENA emission from the Moon was first observed during commissioning of the Interstellar Boundary Explorer (IBEX) mission on 3 December 2008. We present the analysis of 10 additional IBEX observations of the Moon while it was illuminated by the solar wind. For the viewing geometry and energy range (> 250 eV) of the IBEX-Hi ENA imager, we find that the spectral shape of the ENA emission from the Moon is wellrepresented by a linearly decreasing flux with increasing energy. The fraction of the incident solar wind ions reflected as ENAs, which is the ENA albedo and defined quantitatively as the ENA reflection coefficient R N , depends on the incident solar wind speed, ranging from~0.2 for slow solar wind to~0.08 for fast solar wind. The average energy per incident solar wind ion that is reflected to space is 30 eV for slow solar wind and 45 eV for fast solar wind. Once ionized, these ENAs can become pickup ions in the solar wind with a unique spectral signature that reaches 3v SW . These results apply beyond the solar system; the reflection process heats plasmas that have significant bulk flow relative to interstellar dust and cools plasmas having no net bulk flow relative to the dust. Citation: Funsten, et al. (2013), Reflection of solar wind hydrogen from the lunar surface,
Introduction
[2] For a large part of the lunar orbit, the solar wind bombards the Moon's surface with ions, continuously depositing nearly 1 kg of H per minute. The solar wind flows at, on average, 440 km/s (~1 keV/amu) and is typically composed of 96% H + , 4% He 2+ , and a small fraction of heavy ions. This energy and mass input into the lunar surface can physically and chemically process the lunar regolith, and most of the incident ions were assumed to be implanted in regolith grains [Pillinger, 1979; Lucey et al., 2006] . However, a significant fraction of this mass escapes the Moon in the form of sputtered regolith atoms [Wehner et al., 1963; Hapke, 1986; Elphic et al., 1991; Johnson and Baragiola, 1991] and reflected solar wind ions observed as energetic ions [Saito et al., 2008] .
[3] Recently, a considerable fraction of solar wind ions was discovered to reflect from the lunar surface as energetic neutral atoms (ENAs) . McComas et al. [2009a] measured an ENA albedo (reflection probability of solar wind ions from the lunar surface) of~0.1 and showed that the energy spectrum and flux of ENAs reflected from the Moon depend on the solar wind speed and flux. Subsequent measurements of the reflection probability have yielded~0.2 [Wieser et al., 2009] , a general range of values spanning~0.1-0.3 with an average value of 0.24 [Futaana et al., 2012] , and~0.09 [Rodríguez et al., 2012] .
[4] Several studies have also derived energy distributions of solar wind protons reflected as ENAs. Futaana et al. [2012] found that a Maxwell-Boltzmann (M-B) distribution well-represented the ENA energy distribution, with the derived M-B temperature correlating with the solar wind speed. Rodríguez et al. [2012] found that the ENA flux was generally constant up to~0.5 keV, above which the flux precipitously dropped. These measurements were made with the SARA instrument ] on the Chandrayaan-1 mission and the IBEX-Lo imager [Fuselier et al., 2009] on the Interstellar Boundary Explorer (IBEX) mission, respectively, both of which utilize a similar ENA detection methodology that is well-suited for measurements up to a few hundred electronvolts.
[5] The generally flat ENA spectral shape up to several hundred electronvolts in both of these studies is important here because the measurements of this study span an energy range 0.25-6 keV, derived using the IBEX-Hi sensor , which was optimized to measure ENAs over this energy range. The first observations of ENA emission from the Moon [McComas et al., 2009a] were obtained during the first orbit of IBEX science operations, IBEX Orbit 8 (IBEX Orbits are sequentially numbered from its launch in October 2008).
[6] IBEX is a Sun-pointed spinning spacecraft with a highly elliptical, 7.5 day orbit around Earth, with apogee about 78% of the distance from the Earth to the Moon's orbit [McComas et al., 2009b] . In June 2011, starting with IBEX Orbit 128, IBEX was placed into a stable, lunar-synchronous (1/3 the period of the Moon) orbit [McComas et al., 2011] that raised both perigee and apogee. This new orbit was explicitly designed to keep IBEX as far from the Moon as possible to avoid lunar gravitational perturbations and resulting chaotic behavior of the IBEX orbit. Therefore, the IBEX lunar observations before this orbital change, which are described here, represent the closest and therefore highest quality observations of the Moon anticipated for the duration of the IBEX mission.
[7] The observations of this paper cover the 11 IBEX encounters of the Moon in the solar wind during IBEX's original orbit, before June 2011, in which statistically significant counts were obtained in at least two IBEX-Hi energy passbands. The solar wind conditions vary substantially over these observations, while the viewing geometry of the Moon by IBEX relative to the solar wind velocity vector varies little, effectively allowing a controlled experiment of ENA emission from the Moon. This study focuses on understanding ENA emission from the Moon at energies above the threshold of the lowest IBEX-Hi energy passband, i.e., > 250 eV.
IBEX Observations of the Moon

IBEX and its Viewing Geometry
[8] IBEX was designed to measure the faint ENA emission from the outer heliosphere to understand the interaction of our heliosphere with the local interstellar medium [McComas et al., 2009b] . At IBEX, the ENA flux from the Moon is highly dependent on the distance to the Moon, but can reach a magnitude similar to the ENA flux from heliospheric sources such as the ribbon of enhanced flux and the globally distributed flux [e.g., McComas et al., 2009c; Schwadron et al., 2009] . These heliospheric ENAs represent a background flux for measurement and analysis of lunar ENAs and are subtracted from the lunar measurement.
[9] The IBEX-Hi Energetic Neutral Atom Imager ] is a single-pixel imager designed to detect H ENAs with a 6.5 full width at half maximum (FWHM) field-of-view (FOV). The pixel is oriented perpendicular to the spacecraft spin axis, and a 360 circular swath of counts is accumulated in sixty 6 angular bins over each spacecraft spin. For reference, a spin angle of 0 corresponds to ecliptic north. Measurements are acquired of the same circular swath throughout an entire IBEX orbit when IBEX is at an altitude of at least 15 R E . The imager cycles through six energy passbands every 12 spins. Because the count rate of lunar ENAs can be comparable to the count rates of heliospheric ENAs and various backgrounds, data for this study are processed over statistically significant time intervals of 1.53 h.
[10] Figure 1 shows the general viewing geometry of the Moon by IBEX. The solar wind radially expands from the Sun with thermal speeds much less than its flow speed, thus impacting the lunar surface as a nearly monodirectional beam composed primarily of protons. Because (1) the circular swath viewed by IBEX over its orbit lies nearly perpendicular to its Figure 1 . Because of its orbit and viewing geometry (a circular swath in a plane perpendicular to its Sun-pointed spin axis), IBEX observes a portion of the Moon illuminated by the solar wind that is nearly identical to the sunlit portions of the first or third quarter Moons.
Sun-pointed spin axis and (2) the solar wind flows, on average, radially outward from the Sun, IBEX views the Moon from two perspectives, similar to the first and third quarter of the sunlit Moon. The speed of the Earth-Moon system around the Sun (v E-M = 29.78 km/s) is perpendicular to the radial direction of the solar wind and causes a slight angular aberration of the solar wind at the Moon, resulting in solar wind illumination of slightly more than one fourth of the first quarter Moon and slightly less than one fourth of the third quarter Moon as viewed by IBEX. The aberration angle assuming a radial solar wind flow is
where v SW is the solar wind speed. The area of the lunar disk illuminated by the solar wind as viewed by IBEX is therefore
where R L = 1737 km is the average lunar radius and +/corresponds to the first/third quarter viewing of the Moon by IBEX, respectively. The solar wind-illuminated area of the Moon also depends on the location of IBEX relative to the Moon, which was precisely derived for this study using the spacecraft ephemeris. Because the IBEX-Hi field-ofview over a spin is a narrow circle perpendicular to the IBEX spin axis, this effect can also be approximated by the angle θ SA between the IBEX spin axis and the subsolar point in the ecliptic plane, which changes~1 per day throughout an IBEX orbit. A positive (negative) value of θ SA corresponds to early (late) in an orbit when the spin axis points beyond the west (east) limb of the Sun and views comparatively more (less) of the Moon that is illuminated by the solar wind. Note that this effect is only used to derive the ENA brightness from the location of IBEX; the convolution of the illuminated region of the Moon with the IBEX-Hi angular response (in equation (3)) is independent of this ENA source strength.
[11] Figure 2 shows the magnitude of this aberration as a function of the solar wind speed for both the first and third quarter viewing geometries. Also shown are the average solar wind speeds for the IBEX observations of this study, assuming purely radial flow of the solar wind and the IBEX spin axis points to the center of the Sun (θ SA = 0). The difference in fractional illumination by the solar wind between the first and third quarters can be substantial; for example, the illuminated areas for the first quarter (IBEX Orbit 8) and third quarter (IBEX Orbit 18) events with the slowest average solar wind speeds vary by 20%.
[12] The Moon and IBEX are two bodies orbiting a central mass, Earth. Therefore, the Moon can trace a complex path through IBEX FOV, exacerbated by the highly elliptical IBEX orbit. Figure 3 shows the viewing geometry for IBEX Orbit 83, in which the Moon's location in the IBEX-Hi FOV and distance d LOS to IBEX change nonlinearly with time. Knowledge of the IBEX location relative to the Moon and of the IBEX spin axis vector are important factors for quantitative derivation of the ENA albedo.
Energetic Neutral Atoms Flux Measurements
[13] Energetic neutral atoms from the Moon were observed in the lowest five of the six overlapping energy passbands in the IBEX-Hi energetic neutral atom imager , at nominal energies E C of 0.45, 0.71, 1.11, 1.74, and 2.73 keV with energy resolution ΔE FWHM /E C ranging from 0.47 at 0.45 keV to 0.65 at 2.73 keV (ΔE FWHM is the full width at half maximum response at E C ). The lunar observations are based on the "qualified" triple coincidence counts that are the foundation of all published IBEX sky maps of the heliosphere . However, the specific data used for this study in which the Moon was near or in the IBEX FOV have been removed from the heliospheric sky maps because ENAs from the Moon represent a background for heliospheric ENA imaging.
[14] For the IBEX observation conditions, the Moon represents nearly a point source in the IBEX FOV, with a maximum full disc diameter of~2.1 as viewed from IBEX at its closest viewing distance of 55 lunar radii (R L ), which occurred during IBEX Orbit 126. Because the IBEX angular response is 13 FWFM, ENAs of lunar origin can therefore fall into three 6 bins at most: the angular bin that coincides with the center of the Moon and the two adjacent angular bins. Complete spin-angle histograms are accumulated and reported every~12 min. Because the lunar ENA flux can be comparable to the underlying heliospheric flux (e.g., when the lunar ENA flux overlaps the ribbon ENA flux [Funsten et al., 2009b] ), the lunar observations use coarser time bins of 1.53 h. This time interval is sufficiently long to provide statistically significant results and short enough to minimize variability of the solar wind parameters and of the IBEX viewing geometry. [15] The ENA flux from the Moon is superimposed on the ENA flux from the outer heliosphere as well as background counts from, e.g., penetrating radiation and magnetospheric plasma McComas et al., 2012] . Figure 4 shows an example of the raw data of the lunar observation during IBEX Orbit 83, which occurred in early June 2010. The four histograms show the "qualified" triple coincidence counts as a function of time and spin angle for each energy passband of IBEX-Hi. The plot to the right of each histogram shows the total number of counts over the entire observation period of each histogram. The peak of counts at the location of the Moon near 90 spin angle is clearly observed above the background distribution, particularly in the 0.71, 1.11, and 1.74 keV passbands. The solar wind during this encounter had an average speed 605 km/s (corresponding to an energy of~1.8 keV for protons), and ENAs are clearly observed up to the 1.85 keV passband.
[16] Energetic neutral atoms from the Moon can be observed in a maximum of three 6 spin bins at the same time. The IBEX measurements at each energy passband i include ENAs from the Moon as well as heliospheric ENAs, which can vary significantly with spin angle in the vicinity of the ribbon; background from ambient magnetosheath or solar wind plasma, which typically changes slowly over spin angle; and noise (such as from cosmic rays) that is approximately constant over time and spin angle. First, we subtract the average heliospheric counts over the orbit at each spin angle; these are a routine data product that is used to construct the heliospheric ENA sky maps. Next, the known instrument backgrounds (from cosmic rays and solar wind sources) are subtracted using a semiempirical algorithm developed for generation of the heliospheric ENA sky maps Figure 3 . The transit of the Moon as viewed at IBEX throughout the encounter of IBEX Orbit 83. The spin angle is the angle of the circular swath observed by IBEX each spin throughout an IBEX orbit; a spin angle of 0 corresponds to ecliptic north. The single pixel FOV of IBEX-Hi has an angular resolution 13 full width at full maximum (FWFM), which is the extent of the horizontal axis (angle perpendicular to the spin plane). The circles qualitatively represent the angular size of the lunar disk at IBEX at regular 1.53 h intervals throughout the~45 h encounter, over which statistically significant counts were obtained for~25 h. The IBEX-Moon geometry can be complex and variable, but it is accurately determined using knowledge of the IBEX location and spin axis vector. [ McComas et al., 2012] . Finally, the residual background is derived and subsequently subtracted by linear interpolation using the counts in the second and third 6 spin bin pixels located on either side of the two central pixels in which the Moon can register counts. The remaining lunar ENA counts C i 0 are obtained after integrating over time and the spin bins. For this paper, the statistical uncertainty associated with C i 0 includes the statistical uncertainty associated with the subtracted backgrounds.
[17] The solar wind speed v SW and flux f SW were obtained from the Wind spacecraft [Ogilvie et al., 1995] except for IBEX Orbit 58, in which Wind had a data dropout and measurements from the ACE spacecraft [McComas et al., 1998 ] were used. Both spacecraft orbit the L1 point upstream of Earth. The time for the solar wind to propagate from L1 to the Moon was derived based on the measured solar wind speed, and the time of ENA propagation from the Moon to IBEX was calculated using the measured ENA energy and the distance from the Moon to IBEX. We note that the time of ENA propagation from the Moon to IBEX (~20 min for 0.25 keV H over a distance 100 R L ) is considerably smaller than the time of solar wind propagation from L1 to the Moon (~55 min for 1 keV H).
[18] Figure 5 summarizes the observations for each of the eleven orbits in which the Moon was immersed in the solar wind and was observed with statistically significant ENA counts by IBEX-Hi. The line-of-sight distance d LOS from IBEX to the Moon ranged from 55 to 170 R L and varied substantially during the lunar observations in IBEX Orbits 54, 76, 83, and 112. For the solar wind speed v SW and flux f SW , the points represent the average and the bars represent the maximum and minimum values observed during an encounter. The total counts C TOT represent the total counts for the entire lunar encounter at each energy passband. We note that, because of the significant width of the IBEX-Hi energy passbands, ENAs can be measured at nominal passband energies that are greater than the solar wind energy.
Solar Wind Reflection from the Moon
[19] The solar wind impacts the lunar surface as a nearly monodirectional beam at a nearly constant energy-per-mass. Here, we only consider incident protons because they are the dominant species within the solar wind ions and because the IBEX-Hi ENA imager is most sensitive to H.
[20] Figure 6 shows the geometry of reflection from a small surface area. The surface normal is defined by the local surface flatness over a length scale similar to the depth that a reflected incident ion penetrates into regolith before it reflects (e.g., < 25 nm at 1 keV based on stopping and range of ions in matter (SRIM) calculations [Ziegler et al., 2010] performed for this study), which is much less than the typical diameter of a lunar regolith grain of >50 mm [McKay et al., 1991] . We define the angles a and b of the incident solar wind velocity ! v SW and the exiting reflecting ENA velocity ! v ENA , respectively, relative to the surface normal. We define d, which is the angle between ! v SW and ! v ENA , as the phase angle. Importantly, because of the viewing geometry, IBEX measures only ENAs reflected at angles d near 90 . ENAs emitted near the subsolar point (a~0 ) and detected at IBEX are reflected at b~90 , whereas ENAs detected by IBEX that originate from the illuminated limb of the Moon (a~90 ) are emitted at b~0 .
[21] Extensive research into plasma-wall interactions for fusion science and engineering have resulted in a rich foundation of experimental data, theory, and models for light ion reflection from surfaces at energies similar to the solar wind [e.g., Vicanek and Urbassek, 1991; Thomas et al., 1992; Eckstein, 2010] . Of particular interest for magnetic confinement fusion is the reflection probability R N of plasma ions and the fraction R E of their incident energy retained after reflection from the wall of the confinement apparatus. For protons at normal incidence and incident energies 0.4, 1, and 2 keV on a solid with average mass 22 amu, we estimate from Thomas et al. [1992] R N values of 0.31, 0.21, and 0.13 and R E values of 0.15, 0.08, and 0.04, respectively, with most reflected particle emerging as neutral atoms [Thomas et al., 1992] .
[22] The lunar surface is rough at scales ranging from the meter-to-kilometer range [Rosenburg et al., 2011] and, more importantly, is a regolith of grains of characteristic size of 10s to 100s of mm [Carrier, 2003] with porosity~50% [Houston et al., 1974] . The latter has a substantial effect on optical reflection in which photons sample to depths of a number of grain diameters [Shkuratov et al., 2011] . The solar wind is therefore incident on the local, microscopic surface at myriad angles.
[23] Furthermore, shadowing introduced by large-scale and microscale roughness should substantially reduce the ENA albedo [Bandurko et al., 1990] , similar to sputtering [Cassidy and Johnson, 2005] . However, in contrast to sputtering in which atoms are ejected at low energies and either stick to or are randomly reemitted from neighboring grains, ENAs have much higher energy and, therefore, a significant probability of a grazing reflection from an adjacent grain. Because of the complexity of the escape process, we ignore roughness in our model and simply note here that the probability of roughness-dependent escape of a sputtered particle is likely a lower bound for the escape of a reflected particle.
[24] The semiempirical SRIM Monte Carlo code [Ziegler et al., 2010] is routinely used to simulate the interaction of ions with solids. It does not account for surface roughness beyond the molecular level but can provide insight into the energy dependence and kinematics of the reflection process as well as upper limits to the ENA reflection coefficient R N and energy reflection coefficient R E . SRIM utilizes the binary collision approximation [Sigmund, 1982] in which an incident ion interacts independently with the target atoms prior to emerging as a reflected atom or ion. Because the penetrated layer of regolith grains have been made amorphous by the solar wind bombardment [Keller and McKay, 1993] , this is particularly applicable for simulating the interaction of the solar wind with the lunar grains.
[25] The SRIM simulations are constructed using a monoenergetic, monodirectional beam of H + incident at a random angle with respect to the local surface normal, and the phase angle d is calculated for each reflected atom. We have selected solar wind energies of 0.5, 1, and 2 keV to span the range of energies of the IBEX observations. We use an average composition of the fully illuminated Moon (the hemisphere covering the first and third quarter viewing), approximately 61% highlands and 39% mare composition based on a 10 wt % Fe abundance threshold for mare using global Fe abundance maps [Lawrence et al., 2002] . The highlands composition was derived from Apollo 16 landing site soil, and the mare composition represents the average compositions of Apollo 12 and Apollo 14 landing site soils [Haskin and Warren, 1991] . We consider only elements with at least 1% atomic abundance and use mass abundances of 45.8% O, 4.6% Mg, 12.0% Al, 21.6% Si, 9.3% Ca, and 6.6% Fe. Compared to the first quarter Moon, the third quarter Moon has 14 wt % more Mg, and 12 wt % less Al, 7 wt % less Ca, and 29 wt % more Fe. However, the dominant species O and Si, which comprise 79 wt %, together vary by less than 1%, so we expect that the compositional variation between first and third quarter views have minimal impact on the ENA albedo. We assume a density of 1.5 g/cm 3 [Houston et al., 1974] .
[26] Figure 7 (top) shows the reflection probability of the entire Moon (per unit solid angle) as a function of the phase angle d. Consistent with experimental results of light ion reflection from surfaces [Thomas et al., 1992; Eckstein, 2010] although in contrast to the results of Futaana et al. [2012] , the simulations suggest that R N (d) decreases with increasing solar wind energy, likely because higher energy ions on average penetrate deeper before a hard collision so that the reflected ENA has lower probability of escape. For ENA emission from the entire Moon, the simulations yield values of 0.28, 0.23, and 0.19 for R N and 0.12, 0.10, and 0.07 for R E at energies 0.5, 1, and 2 keV, respectively. For comparison, the reflection (scaled to compare with the SRIM results) from a Lambertian sphere with an ideal diffusely reflecting surface illuminated by a beam of particles is also shown.
[27] These simulations of the Moon as a point source of emission suggest that the ENA flux per unit solid angle is greatest directly upstream of the Moon. As observed by Schaufelberger et al. [2011] , the actual distribution of R N (d) is more strongly peaked toward the upstream direction, likely because ENAs reflected at small phase angles rarely encounter obstructions due to surface roughness, whereas surface roughness would suppress reflection at higher phase angles d. This is analogous to the opposition effect in photometry that is attributed to surface roughness [Buratti et al., 1996; Shkuratov et al., 2011] , a useful qualitative analog but not directly comparable because photons penetrate several grain diameters and follow different reflection kinetics. Nevertheless, precise observations an ENA opposition effect, which is not possible with the IBEX observations of this study, can provide critical insight into the lunar surface roughness at the scale sizes of individual grains.
[28] We note that the ENA flux from the Moon at large angles d should be small. First, lab experiments show that atomic reflection from amorphous surfaces (such as the lunar regolith [Keller and McKay, 1993] ) at grazing angles of incidence result in diffuse reflection rather than strong specular reflection [e.g., Mayer et al., 1995] . Thus, only diffuse scattering is expected for ENA emission near the solar wind terminator of the Moon. Second, an observer approaching a point downwind of the Moon, where a!90 and d!180 , sees a vanishingly small region illuminated by the solar wind, and thus a substantially reduced total ENA flux.
[29] The bottom panel of Figure 7 shows a normalized histogram of the energies of all reflected ENAs. A consistent shape is apparent for all solar wind energies, specifically that the distribution is generally flat at low energies and decreases approximately linearly with increasing energy above 300 eV up to the incident solar wind energy.
This shape is consistent with the empirical energy distribution of reflection of protons incident on carbon [Aratari and Eckstein, 1989 ].
Interpretation of Observations
[30] Because IBEX-Hi observes ENA emission over a limited number of overlapping energy passbands, we construct a forward model for the expected instrument count rates based on a lunar reflection function R(E SW , E, d, θ). With this approach, we compare the count rate predicted by the forward model with the measured instrument count rate to assess the validity and derive the magnitude of the reflection coefficient R N (E SW ), which is the reflection function integrated over all ENA energies and all emission angles from the Moon. The forward model propagates the solar wind flux f SW measured by Wind (or, by ACE for IBEX Orbit 58) to the Moon, applies the reflection function R at the solar wind energy and for the viewing (phase) angle d between the aberrated solar wind direction and the IBEX-Moon vector, propagates the reflected flux from the Moon to IBEX, and convolves the modeled flux at IBEX with the IBEX-Hi energy geometric factor G i (E,Ω) for each energy passband. The forward model predicts that a total of C i O lunar ENA counts per 1.53 h should be observed in each IBEX-Hi energy passband i:
[31] Because the lunar disk diameter can subtend up to 2.1 during the closest IBEX observations (Orbit 126), we do not treat the Moon as a point source. Instead, we track the angular region I(Ω)of the Moon illuminated by the solar wind as viewed from IBEX throughout the encounter and, for simplicity, we assume uniform ENA emission from this illuminated region. The IBEX-Hi geometric factor G i (E,Ω) is separable into an energy-dependent response function for each energy passband i and an energy-independent point spread function P(Ω) based solely on the angular response of the collimator . We convolve P(Ω) with the illuminated region I(Ω) of the Moon as it traverses the IBEX field of view (e.g., Figure 3 ) for each 1.53 h observation of the Moon.
[32] The ENA flux as a function of ENA energy E at the entrance of the IBEX-Hi imager is
where A I is obtained from equation (2), d LOS is the distance from IBEX to the Moon, and θ is the azimuthal ENA emission angle around the aberrated solar wind velocity vector at subsolar point of the Moon, ranging from 0 to 360º.
Lunar Reflection Function
[33] The reflection function R is complicated because it represents multiple effects. At any location on the Moon, reflection depends on the microscopic regolith properties and surface orientation as well as the microscopic and macroscopic porosity and roughness that can trap a reflected ENA. These, in turn, depend on E SW , E, and angles a, b, d, and θ. Chandrayaan-1 ENA observations noted variation of reflected flux with these angles [Schaufelberger et al., 2011] because it viewed a comparatively small spatial footprint of ENA emission from the Moon from a low altitude of 100-200 km.
[34] However, the Moon is sufficiently far from IBEX (the lunar disk as viewed by IBEX is <3 ) that it can be treated in the reflection function as a point source of ENA emission. Furthermore, IBEX only views the Moon from two vantage points (first and third quarter Moon) over a limited range of phase angles d near 90 at opposing azimuthal angles θ. Therefore, we construct R(E SW , E) for each observation as a function of only E SW and E and uniformly distributed over d and θ. This definition enables direct comparison of the model with IBEX data for d near 90 and the first and third quarter vantage points. It is also straightforward to incorporate the functional dependence of R on d and θ as needed. The SRIM-derived energy distribution of reflected ENAs. These spectral shapes of reflected ENAs are generally flat at energies below 0.3 keV; at higher energies the flux decreases nearly linearly with increasing ENA energy up to E SW over the IBEX-Hi energy range. (middle) For comparison with the IBEX-Hi spectral sensitivity, the full width at half maximum response at each energy passband (red) as well as the full width at the 1% 1evel (blue) are shown. In the bottom panel, the tan stripe indicates the energy range below the~250 eV threshold for detection by IBEX-Hi.
[35] The results of the SRIM simulations (Figure 7 , bottom panel) suggest that the energy dependence of the ENA flux should be, to first order, linear above the lowest energy detectable by IBEX-Hi (>250 eV). We also have empirical evidence of this linearity. For the lunar observation during IBEX Orbit 83 illustrated in Figure 4 , IBEX was comparatively close to the Moon and the solar wind was fast, ranging from 580 km/s (1.75 keV) to 650 km/s (2.2 keV). This resulted in a copious ENA flux from the Moon that spanned five energy passbands. We apply the forward model for each energy passband independently by assuming a reflection coefficient R i that is constant at each passband throughout the encounter, independent of ENA energy within the passband as well as variations of solar wind energy and flux. Therefore, for each energy passband we can extract R i from F ENA (E SW , E, d, θ) in equation (4) and, also, the integrand of equation (3). Equation (3) 
M is the output of the forward model assuming every incident solar wind ion backscatters from the lunar surface. The reflection coefficient at each energy passband i is thus derived using the ratio of the ENA counts C i O observed at IBEX to the counts C i M predicted by the forward model, i.e.,
The derived values of R i , shown in Figure 8 , follow a linear trend, and a linear fit to the data (weighted by the uncertainty of the observed counts) for the lowest four energy passbands yields R i = 0.17-0.080 E [keV].
[36] The linear fit of the ENA flux reaches zero at 2.13 keV, which is close to both the average and maximum solar wind energies (1.5 h averaged) of 1.90 and 2.05 keV, respectively, for this encounter. Thus, the observed ENA emission results from reflected solar wind ions rather than a sputtering process, which is typically observed at much lower energies [Eckstein, 1997] .
[37] The solar wind energy E SW ideally represents the upper limit for the energy of a reflected ENA. Hydrogen ENAs with energies approaching E SW result from Rutherford-type elastic scattering in which a light solar wind ion such as H + backscatters from a heavy regolith atom at or near the atomic surface of the regolith. For example, the maximum possible energy of H ENAs at a phase angle d = 90 is 0.88 E SW and 0.93 E SW if backscattered from an O or Si surface regolith atom, respectively.
[38] Counts can appear in energy passbands at nominal energies higher than the average solar wind energy for two reasons. First, the solar wind properties are highly dynamic and contains populations with speeds quite different from the bulk speed. For example, the internal temperature can be high, the bulk speed can vary substantially over time, and the high speed wind often contains a secondary proton beam at a higher energy than the primary beam [Feldman et al., 1993; Hammond et al., 1995] . Second, the IBEX-Hi energy passbands are comparatively wide (FWHM energy resolution of ΔE/E~70%), and ENAs with energy higher than the passband threshold but lower than the nominal passband energy can be measured. For example, in Figure 8 ENA counts from the Moon are observed in the nominal 2.7 keV energy passband even though the average solar wind energy for the encounter is 2.1 keV.
[39] For Figure 8 the utility of using a constant value of R i for each energy passband and the accuracy of the linearity it reveals is based on a unique property of the convolution of a broad energy passband that is symmetric about its central energy with a linear spectral shape: the resulting measured flux is exactly equal to the actual flux at the central energy, independent of the slope of the linear spectrum. Therefore, in Figure 8 the linear spectral shape spanning the nearly symmetric IBEX-Hi energy passbands is internally consistent with the individual values derived for each passband that are independent of the slope of the linear spectrum. The exception, of course, is the 2.7 keV passband whose response function lies mostly above the average solar wind energy for the encounter. We note also that a small fraction of the nominal 1.74 keV passband of IBEX-Hi lies above E SW .
[40] Because the IBEX measurements and the SRIM simulations both strongly indicate that the reflected ENA flux linearly decreases from~250 eV to the solar wind energy, we construct the following reflection function:
where, as previously stated, we have assumed that R(E SW , E) is independent of phase angle d and azimuth θ. Of course, the ENA energy E must always be less than E SW , so R = 0 for E > E SW . In this equation, the reflection coefficient R N (E SW ) is the total reflection yield from the entire lunar surface uniformly distributed over 4p sr, i.e., Figure 8 . The derived reflection coefficient R i at each energy passband i assuming that R i is a constant, unique value for each individual energy passband throughout the lunar encounter. IBEX Orbit 83 had the brightest ENA emission as well as a high speed solar wind input with resulting ENAs that spanned all five energy passbands. R i approximates the relative ENA flux across the energy passbands and demonstrates a linear spectral shape of ENAs emitted from the Moon over the IBEX-Hi energy range. The black vertical lines are the uncertainties in the measured counts. The red horizontal lines are the FWHM energy passband acceptance.
[41] The factor of 2p in equation (5) ensures that, upon integration of equation (6), a value of R N = 1 corresponds to an albedo of unity, in which all incident solar wind protons are reflected from the lunar surface. Comparison of the linear model of equation (6) to the IBEX-Hi data relies on only a single fit parameter, R N , at each solar wind energy.
ENA Albedo: The Reflection Coefficient, R N
[42] The forward model using the linear reflection function was run with the evolving solar wind conditions and IBEX viewing geometry over the same time cadence (t Hi~1 .5) as the IBEX-Hi data acquisition. For each of the eleven encounters of the Moon in the solar wind, the modeled counts C i M , which assumes unity albedo, was scaled by the reflection coefficient R i and compared with observed counts C i O for each time interval t Hi and each energy passband i, where R i = R N (E SW , E) with E equal to the value of the nominal passband energy. The single, energy-independent free parameter R N (E SW ) in equation (5) was derived for each encounter for all energies combined using least squares fit to a straight line weighted by the uncertainty of observed counts. The results are shown in Figure 9 along with the derived value of R N (E SW ) for each encounter. Figure 9 . For each encounter of IBEX and the Moon, the observed ENA counts C O per time interval t Hi % 1.53 h at each IBEX-Hi energy passband is plotted as a function of the product of the modeled ENA counts C M (which assumes an albedo of unity) and a reflection coefficient with an energy dependence represented by equation (5), which linearly decreases with increasing ENA energy. The error bars represent the Poisson counting statistics derived from the combination of ENA counts attributed to lunar origin and the ENA counts from nonlunar (i.e., background and heliospheric) origin. Ideal agreement between the model results and the observations would fall along the 45 magenta line.
[43] Ideal agreement between observations and model results when C i O = R N E SW ; E ð ÞC i M , which corresponds to the diagonal line (magenta) in Figure 9 . We find that the data consistently fall near the diagonal line for a wide range of energies, count rates, and solar wind conditions. Importantly, this consistency of observations and forward model indicate the accuracy of the linear reflection model (equation (5)) over the entire energy range of IBEX-Hi and for all solar wind speeds spanned by the observations.
[44] The derived values of R N (E SW ) for each encounter span a wide range, from 0.07 to 0.20. Figure 10 shows that R N (E SW ) for hydrogen is strongly ordered by the average solar wind speed. The points were empirically fit over the observed range of solar wind proton energies, yielding
where E SW , in units of keV, represents the average over the duration of each encounter. A decrease in R N (E SW ) with increasing E SW is consistent with the large body of literature of reflection of H + incident on a variety of targets [Thomas et al., 1992; Eckstein, 2010] , but inconsistent with Futaana et al. [2012] who reported no correlation of R N with solar wind conditions up to v SW = 550 km/s. We furthermore note that the results from the first and third quarter views of the Moon (at opposing azimuthal angles θ) are similar, suggesting a symmetry of the reflection function in azimuthal angle θ.
[45] This analysis has assumed the linear reflection function of equation (5). However, the SRIM simulations, laboratory results of H reflection from C [Aratari and Eckstein, 1989] , and, as will be discussed, the ENA measurements of Wieser et al. [2009] , Rodríguez et al. [2012] , and Futaana et al. [2012] all indicate that the reflection function is constant or slowly varying at energies below several hundred electronvolts. For a reflection function that is constant at reflected ENA energies below a threshold energy E T and linearly decreases at reflected energies greater than E T , then R N is reduced by a factor 1-(E T /E SW ) 2 . This is shown as the green dashed line in Figure 9 for E T = 250 eV, showing a larger reduction in R N for the slowest solar wind speeds.
Comparison with Other Observations of Lunar ENA Emission
[46] In the first reported results of the Chandrayaan-1 Energetic Neutral Atom (CENA) observations, Wieser et al. [2009] observed flat energy spectra at low ENA energies up to~200 eV. Above that energy the ENA energy spectra were observed to fall off steeply, which is in good agreement with the SRIM models presented above (Figure 7, bottom panel) and consistent with the results presented here. Recently, lunar ENAs were also observed with the IBEX-Lo sensor of IBEX [Rodríguez et al., 2012] , with a generally flat energy spectrum observed for low energy ENAs and a decrease of the energy spectrum at a fraction of the solar wind energy, also consistent with Wieser et al. [2009] and the SRIM results.
[47] Futaana et al. [2012] analyzed all available CENA observations in an area near the lunar equator in the energy range from 10 eV to 3.3 keV and empirically derived a Maxwell-Boltzmann (M-B) energy distribution. This distribution is generally flat up to several hundred eV, a result that is consistent with the SRIM results in the bottom panel of Figure 7 . Above~300 eV, the differential ENA flux exponentially decreases.
[48] We can use equation (4) to test the spectral dependence of any reflection function R(E SW , E, d, θ) by comparison with IBEX observations. Figure 11 shows the CENA M-B reflection function from Futaana et al. [2012] incorporated into equation (4) and compared to the IBEX data for three cases: slow solar wind (IBEX Orbit 126, v SW ¼ 365 km/s, or 0.7 keV), moderate solar wind (IBEX Orbit 101, v SW ¼ 465 km/s, or 1.3 keV), and fast solar wind (IBEX Orbit 83, v SW ¼ 607 km/s, or 1.9 keV). For all solar wind speeds, the CENA M-B consistently predicts a substantially smaller ENA flux than observed by IBEX at the highest two energy passbands at 1.74 and 2.73 keV. For the moderate solar wind speed observation, the CENA M-B exhibits excellent agreement with the IBEX measurements at the nominal 0.45 keV passband. For the fast solar wind of IBEX Orbit 83, the CENA M-B reflection model shows excellent agreement for measurements at the nominal IBEX-Hi energy passbands 0.45 and 0.71 keV. Therefore, the CENA M-B spectral model systematically under-predicts the ENA flux at the top half of the ENA energy range but accurately predicts portions of the lower half of the energy range if and when it overlaps with the IBEX-Hi energy range. We conclude that the CENA M-B reflection function decreases too rapidly over the top half of the ENA energy distribution, whose maximum corresponds to the energy of the solar wind protons. Figure 10 . The reflection coefficient of hydrogen ENAs reflected from the Moon exhibits strong dependence on the solar wind speed, with R N % 0.18 for slow solar wind and R N % 0.08 for fast solar wind. The data are the derived values of R N depicted in Figure 10 . The solid black line is an empirical fit to the data. The green dashed line is the reflection coefficient if the reflection function is a "flattopped" distribution that is constant below E T = 250 eV and linearly decreases up to the solar wind energy above E T = 250 eV. The red and blue points are first and third quarter observations, respectively, and show no difference in R N . The flat-topped distribution (green dashed line) converges toward the linear distribution (black line) at higher solar wind energies, i.e., for E SW >> E T .
Solar Wind Energy Scattered Back to Space: The Energy Reflection Coefficient, R E
[49] The energy reflection coefficient R E , which is the fraction of the incoming solar wind energy that is carried by the reflected ENAs is (8) [50] Because the scattering processes that underlie reflection result in energy loss by the incoming ion, the energy reflection coefficient will always be less than the reflection coefficient, i.e., R E < R N . For a reflection function R that decreases linearly with increasing ENA energy up to the solar wind energy (the linear model of equation (5)), the energy reflection coefficient is
[51] For a reflection function that is flat below an ENA energy E T (e.g., E T % 0.25 keV as used in Figure 10 ), we obtain
[52] The term 1-(E T /E SW ) 3 is therefore a correction factor to the linear approximation of equation (9).
[53] Figure 12 shows the average energy per incident solar wind ion that is scattered to space through the reflection process, which is the product E SW *R E (E SW ), for both the linear model (equation (9)) and flat-topped model (equation (10)). These compare well with the SRIM simulation results using the linear model for R. Because R E (E SW ) decreases with increasing solar wind energy, R E (E SW ) and E SW partially compensate such that the input energy by the solar wind that is removed by the reflection process varies only 50% over a factor of 4 change in solar wind energy. Additionally, the difference between the linear model and flat-topped models for the reflection function is negligible for fast solar wind and small (<10%) for slow solar wind. For an input power of 5 GW by the solar wind impact the Moon, nearly 0.6 GW of power is radiated to space as ENAs.
Reflected Energetic Neutral Atoms as Pickup Ions in the Solar Wind
[54] Energetic neutral atoms reflected from a planetary surface follow ballistic trajectories until they are ionized by, for example, photoionization or charge exchange with plasma ions, becoming pickup ions (PUIs) in the solar wind, which is a magnetized plasma. We note that ionization is strongly dependent on radial distance from the Sun and is small for ENAs not directed back toward the Sun. An ionized ENA (or equivalently a Because R E is the fraction of the input solar wind energy removed by reflected ENAs, the product E SW R E is the average energy that is scattered to space by the reflection process that forms ENAs. The two lines represent the linear (equation (9)) and flat-topped (equation (10) with E T = 0.25 keV) spectral models for ENAs emitted from the Moon. The average energy per solar wind ion that impacts the Moon that is carried by ENAs ranges from 0.030 keV for slow solar wind to 0.045 keV for fast solar wind.
proton reflected from the surface as an ion instead of an ENA) experiences a Lorentz force due to the magnetic field in the moving solar wind and gyrates about this field at its initial speed perpendicular to the magnetic field vector in the plasma rest frame. The ensemble of ionized ENAs forms a suprathermal filled-shell flux distribution in velocity space in the solar wind rest frame.
[55] This process is similar to other PUI distributions in the solar wind. For example, interstellar neutrals permeate the heliosphere and are ionized at an initial speed nearly at rest in the heliospheric frame compared to the solar wind speed. In the solar wind reference frame, these PUIs first form a ring distribution in velocity space [Möbius et al., 1985; Gloeckler et al., 1993] that is scattered into a shell distribution and filled through cooling from adiabatic expansion of the solar wind as well as through energy loss processes that heat the core solar wind [e.g., Gray et al., 1996; Williams et al., 1995] . The maximum speed of these PUIs in the solar wind frame is generally v SW .
[56] In contrast, ENAs reflected from a planetary surface (such as the Moon or interplanetary dust) that are subsequently ionized form a filled PUI shell distribution in the solar wind, analogous to a diffuse ENA source [Bochsler and Möbius, 2010] . As an example, we consider isotropic ENA emission by an extended source of scattering bodies such as dust, ionized and injected into the solar wind using the simplistic case in which the solar wind magnetic field is perpendicular to the solar wind flow direction. Figure 13 (top) shows the two ENA energy distributions previously considered in Figures 10  and 12 , in which the ENA flux linearly decreases with increasing energy (solid black line) and the ENA flux is constant up to 0.5 v SW and linearly decreases with increasing energy (dashed green line) up to v SW . Both are normalized to unity.
[57] The resulting gyrotropic PUI differential flux distributions in the solar wind frame, assuming all ENAs are ionized, are shown in Figure 13 (middle panel) . Both the initial linear and flat-topped ENA flux distributions form filled shell PUI distributions that peak between 1 and 1.5 v SW , clearly showing that the ionized ENAs contribute a suprathermal component to the bulk solar wind plasma. An extended source of scattering bodies such as interplanetary dust could generate a small but significant suprathermal population that represents a seed population for acceleration processes in the outer heliosphere. For example, the "outer source" PUI population generated by sputtering from Kuiper belt grains may be a significant contributor to anomalous cosmic rays [Schwadron and Gloeckler, 2007] ; by comparison, ENA PUIs represent a higher energy suprathermal component and may also contribute to the anomalous cosmic ray distribution.
[58] A representative PUI distribution resulting from ionization of interstellar neutrals (and similar to the distribution of H + sputtered from dust) that travel to the inner heliosphere is also shown (red dotted line) in Figure 13 (middle panel) . The ISM PUI distribution has been normalized to show the similarity and overlap with the ENA PUI distributions over the range -1 ≤ v PUI /v SW ≤ 1. We note that the ENA PUI flux distribution lies predominantly at speeds significantly higher than the PUIs from ISM neutral atoms.
[59] Figure 13 (bottom panel) shows the transformation of the PUI flux of Figure 13 (middle panel) , into the heliospheric rest frame, analogous to a spacecraft at a fixed radial distance from the Sun and downwind of a source of ionized ENAs. The corresponding PUI distribution from ISM neutrals is normalized to show that it generally follows the same dependence on v PUI /v SW as the ENA PUI distribution over the range 0 ≤ v PUI /v SW ≤ 2. However, most ENA PUIs will be observed at speeds greater than 1.5v SW and up to 3v SW , substantially beyond the maximum speed of the PUI distribution from ISM neutral atoms. Thus, ionized ENAs reflected from the planetary surfaces result in a PUI distribution with maximum speed 3v sw in the solar rest frame as shown in Figure 13 (bottom panel) . While the fraction of ionized ENAs from this process is likely to be small due to sparsity of interplanetary dust and the low probability of subsequent ENA ionization, this demonstrates a unique signature of PUIs resulting from the ENA reflection process associated with plasmas that flow past solid objects.
Beyond the Moon
[60] These lunar results apply to any airless solid object exposed to a plasma environment. In our solar system, this includes the moons of other planets, Mercury, asteroids, comets, interplanetary dust, and dust streams of Jupiter and Saturn [e.g., Hsu et al., 2011] . Beyond our solar system, dust, which is~1% of the baryonic mass of our galaxy, is an essential component for protoplanetary disks [Beckwith et al., 2000] and stellar formation [D'Alessio et al., 2006] and is redistributed into the interstellar medium at late stages of asymptotic giant branch stars [Ferrarotti and Gail, 2006] or through supernovae [Dunne et al., 2003; Bianchi and Schneider, 2007] . All of these involve coupled interactions of dust and plasma.
[61] We can distinguish the dust-plasma interactions for two cases based on the relative bulk velocity ! v b between the dust and a magnetized plasma relative to the thermal ion speed, v th . First, we consider the case in which the bulk plasma and dust reside in the same reference frame, i.e., v b << v th . Dust grains embedded in a hot gas have been recognized as an efficient cooling mechanism in which charged particle energy is converted to thermal energy in the grain and subsequently emitted in the infrared [Ostriker and Silk, 1973; Burke and Silk, 1974] . This process, which can have significant impact on the dynamics of astrophysical processes such as shocks Draine, 1981] , applies equally to reflection, capturing much of an ion's kinetic energy (e.g., Figure 12 ). Additionally, because most ions are reflected as neutrals, the reflection and implantation processes both act as a sink for the ion's potential energy by providing an efficient pathway for neutralization. With ionization potentials of 13.6 eV for H + and 24.6 eV for He + , the potential energy sink alone may be a dominant process for plasmas up to~10 5 K.
[62] The second case, in which v b >> v th , is analogous to the Moon immersed in the magnetized solar wind flow, for which the results of Figure 13 can be generally applied, substituting v b for v SW . The flat-topped and linear ENA flux distributions converge when v b equals or exceeds the fast solar wind speed as discussed in Figure 10 . For this case of a scattering object immersed in a fast flowing magnetized plasma, the resulting reflected ENAs and ions represent a potentially strong suprathermal component to the core plasma. The ionized suprathermal ENAs heat the plasma over astronomical scales and represent seed particles for acceleration processes similar to those that lead to anomalous cosmic ray formation from PUIs in our heliosphere [e.g., Jokipii, 1987] .
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